Introduction
Intergranular embrittlement in low alloy steels has been shown to be caused primarily by the segregation of impurities to grain boundaries. [1] [2] [3] [4] [5] [6] The most common embrittling impurity element in low alloy steels is known to be phosphorus.
Feeder pipes are a component of pressurized heavy water reactors (PHWRs) that are directly connected to the reactor core and are fabricated from SA-106 carbon steel which is an ASME specification for seamless carbon steel pipe for high-temperature service. Since 1996, partial through-wall and through-wall cracks have been detected in feeder pipes of some PHWRs. One of feeder pipes was notable in that inside surface initiated cracks were detected in both cheeks and an outside surface initiated crack was detected along the extrados of the bend. The presence of the outside surface initiated extrados crack could not be rationalized with a Stress Corrosion Cracking (SCC) mechanism, as the outside surface is not in contact with the Heat Transport System (HTS) coolant. One of the key features in terms of feeder cracking observed to date is the decarburized layer found from the outer diameter of feeder.
It has been reported that the removal of carbon from the phosphorus-doped steels permits greater phosphorus segregation, because these elements segregate competitively, in agreement with the prior report of Erhart and Grabke.
7) The role of chromium in phosphorus segregation on fracture surface has been explained by two models: cosegregation model between chromium and phosphorus proposed by Guttmann, 8) and competition model between carbon and phosphorus proposed by Erhart and Grabke. According to cosegregation model, both chromium and phosphorus have a tendency to segregate to grain boundaries and increase the segregation of the other element. In contrast, Erhart and Grabke have reported that chromium has no effect on the segregation of phosphorus in carbon-free alloys. They have maintained that the addition of chromium to Fe-C alloys doped with phosphorus reduces the activity of carbon and the concentration of carbon in solution by forming chromium-rich carbides. The decrease in carbon activity results in enhanced grain-boundary segregation of phosphorus: the carbon cannot displace phosphorus from the grain boundaries due to the low carbon activity. Yu-Qing and McMahon reported that the effect of chromium on phosphorus segregation in the decarburized condition is just barely positive. 9) In terms of grain boundary embrittlement, the effect of carbon removal in the grain boundaries should be considered simultaneously as well as that of the phosphorus segregation because carbon itself has a grain boundary binding effect. 9, 10) In an effort to clarify further the effects of decarburiza- Effect of decarburization heat treatment and chromium addition on intergranular embrittlement of SA-106 carbon steel was investigated by scanning Auger electron spectroscopy analysis on fracture surface. Optical microscopy, scanning electron microscopy, transmission electron microscopy with energy dispersive spectroscopy analyzer and tensile test were performed to clarify the change in microstructure and mechanical properties due to decarburization heat treatment and 0.3-0.4 wt% chromium addition. The experimental results showed that decarburization heat treatment reduced the bulk carbon contents up to 40 mass ppm and caused the low temperature fracture mode to change from cleavage to intergranular under ultra high vacuum. It was also found that the decarburization heat treatment and chromium changed the shape and size of cementite in pearlite and formed the stable Cr-rich precipitates in the grain boundary which had an influence on the phosphorus segregation in the grain boundary. The tensile properties of SA-106 steels also changed due to the decarburization and chromium addition. Considering the direct and indirect effect of residual tensile stress imposed on SA-106 feeder pipes in heavy water reactor during manufacturing and installation, cautions should be taken in the effect of increased phosphorus segregation due to such various causes as tensile stress, decarburization heat treatment and chromium addition on the intergranular embrittlement of SA-106 feeder pipes in heavy water reactors.
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tion and small amount of chromium addition on phosphorus segregation in SA-106 carbon steels, measurements of intergranular phosphorus segregation have been performed on a set of specimens of SA-106 steels. They were examined first in their original carbon containing condition and again after decarburization treatments. The change of mechanical properties as well as phosphorus intergranular segregation due to decarburization and chromium addition have been investigated and discussed as causes of intergranular cracking of SA-106 feeder pipes under tensile residual stress in the heavy water reactor.
Experimental Procedures
Steel ingots with various bulk contents of phosphorus and chromium were produced by using vacuum induction melting (VIM). The results of the chemical analysis are given in Table 1 . All the ingots were hot-rolled to 3 mm thick plates. Specimens (2 mmϫ1.5 mmϫ15 mm) for Auger electron spectroscopy (AES) were machined from the plates. One set of specimens was annealed at 973 K in flowing wet hydrogen gas for 6, 12 and 24 h to remove the carbon. Another set was annealed at 763 K in flowing dry hydrogen gas for 20 d to segregate phosphorus. The other set was annealed at 763 K in flowing dry hydrogen gas for 20 d to segregate phosphorus after annealed at 973 K in flowing wet hydrogen gas for 24 h to remove the carbon. The hydrogen atmosphere for decarburization heat treatment was a mixture of 5 L/min H 2 gas and 2 L/min N 2 gas which passes through a water reservoir of 323 K located in front of the furnace. The concentration of residual carbon in these specimens decarburized for 24 h was measured below 0.004 wt% using spark discharge atomic emission spectrometric analysis. The hydrogen atmosphere for segregation heat treatment was dry 3 L/min H 2 gas.
Metallographic examinations and chemical analysis were also carried out by optical microscopy (OM), scanning electron microscopy (SEM) and transmission electron microscopy (TEM) with energy dispersive spectroscopy (EDS) analyzer.
Tensile testing (at 1.3ϫ10 Ϫ3 s
Ϫ1
) was performed at 298 K to obtain yield stress values for the as-received and decarburization heat-treated specimens. Tensile tests were conducted 2 times for each alloy and the values of yield stress and elongation were averaged.
The subsize tensile specimens were manufactured according to ASTM E 8M as shown in Fig. 1 .
The degree of grain boundary segregation of phosphorus was measured by scanning AES on grain boundary facets revealed by fracturing specimens at about 77 K under ultra high vacuum (better than 1.8ϫ10 Ϫ7 Pa). The AES equipment used was ULVAC-PHI model PHI 700. Typical AES spectra were obtained with an electron beam voltage of 3 keV and a beam current of 10 nA. In most cases, a focused beam size below 1 mm was used to obtain Auger spectra from intergranular surfaces. The Auger energy peaks used for Fe, P, S, C, and N were 705, 123, 153, 275 and 389 eV, respectively.
Results

Microstructure and Mechanical Properties
The microstructural change of 0.005P-0.02Cr specimens and 0.005P-0.35Cr specimens during decarburization heat treatment is shown in Fig. 2 and Fig. 3 , respectively. In these figures, the pearlite disappears and the ferrite becomes coarsened as the decarburization heat treatment proceeds for up to 24 h. The depth of decarburized layer and grain size of 0.005P-0.02Cr specimens are larger than those of 0.005P-0.35Cr specimens at each decarburization heat treatment time.
The effects of the decarburization treatments were evident in the yield stress values, as shown in Fig. 4 , where it can be assumed that the decarburization heat treatment reduced yield stress. The elongation values of 0.005P-0.02Cr and 0.005P-0.35Cr specimens have a complex tendency as shown in Fig. 5 . In case of 0.005P-0.02Cr, the elongation of decarburized specimens became larger than the as-received ones. However, the elongation values of decarburized 0.005P-0.35Cr specimens are smaller than the as-received 0.005P-0.35Cr ones.
AES Analysis
Scanning electron micrographs of fractured 0.005P-0.02Cr specimens before mer in AES equipment. On the other hands, the decarburized specimens were fractured by the intergranular mode by impact at the same environment. Figure 7 shows typical Auger spectra of transgranular and intergranular fracture surface of 0.005P-0.35Cr specimens. The spectrum taken on the intergranular fracture face clearly demonstrates the enrichment of phosphorus. On the other hand, there is no evidence of the segregation of sulfur which can induce grain boundary embrittlement in Fig.  7(b) .
The degree of phosphorus segregation at grain boundaries against the bulk concentration of chromium in specimens containing 0.005 wt% phosphorus is shown in Fig. 8 . On increasing the bulk chromium concentration, the degree of phosphorus segregation increases in the fully decarburized specimen. Figure 9 shows the degree of phosphorus segregation at grain boundaries against the bulk concentration of chromium in 0.02 wt% phosphorus specimens. It shows the similar trends in the phosphorus segregation as the 0.005 wt% phosphorus specimens. Figure 10 shows the degree of phosphorus segregation at grain boundaries depending on the heat treatment such as decarburization heat treatment (DHT) and segregation heat treatment (SHT). Chromium has a role of promoting the phosphorus segregation in the fully decarburized grain boundaries and the portion of phosphorus segregation caused by SHT can only be identified after DHT.
SEM and TEM Analysis
The precipitates were analyzed by using SEM with EDX. In the as-received 0.005P-0.02Cr specimens, the microstructure consists of ferrite and pearlite and MnS precip- itates are shown in the grain boundaries and inside grain. In the fully decarburized 0.005P-0.02Cr specimens, the microstructure consists of only ferrite and MnS precipitates. In the decarburized 0.005P-0.35Cr specimens, there are some Cr-rich precipitates in the grain boundary in addition to the MnS as shown in Fig. 11 . However, there are no Cr-rich precipitates in the grain boundary in the as-received 0.005P-0.35Cr specimens. The microstructure change due to the decarburization heat treatment of specimens with different chromium contents was analyzed more specifically by using TEM with EDX.
In the TEM analysis, there are microstructural differences between the as-received and decarburized 0.005P-0.02Cr specimens as shown in Fig. 12 . Figure 12(a) shows that the cementite shape of pearlite in the as-received 0.005P-0.02Cr specimens is lath type and the average spacing between lamellar cementites is 0.11 mm. Decarburization heat treatment for 6 h changes the shape of cementite in pearlite from lath to rod-type where the rod-type cementite in pearlite is 0.23 mm in diameter and 0.53 mm in longitudinal direction as shown in Fig. 12(b) .
For the 0.005P-0.35Cr specimens, there are also microstructural differences in TEM pictures between the asreceived and decarburized specimens as shown in Fig. 13 . Figure 13 (a) shows that the shape of cementite in pearlite of as-received specimens is lath type and the average spacing between cementites is 0.18 mm. Decarburization heat treatment for 6 h changed the shape of cementite in pearlite from lath to rod-type where the size of the rod-type cementites is various, one of them is 0.09 mm in diameter and 0.35 mm in longitudinal direction, the other of the rod-type cementite in pearlite is 0.16 mm in diameter and 0.35 mm in longitudinal direction as shown in Fig. 13(b) . Compared to that of decarburized 0.005P-0.02Cr specimen, the size of rod-type cementite of the decarburized 0.005P-0.35Cr specimen is smaller by about 40% in diameter and by above 60% in longitudinal direction, roughly.
Discussion
Effect of Heat Treatment on Microstructure and
Impurities Segregation Optical micrograph was used to compare the change of microstructure before and after the decarburization heat treatment.
The microstructure of as-received specimen before decarburization heat treatment of present steels consists of ferrite and pearlite and that of decarburized specimens of those steels only consists of ferrite as shown in Figs. 2 and  3 . The depth of decarburized layer in 0.005P-0.02Cr and 0.005P-0.35Cr specimens increases as the time of decarburization heat treatment increases. The size of grain also increases as the decarburization proceeds. In the TEM analysis, it was found that decarburization heat treatment changed the shape of cementites in pearlite from lath to rod-type and reduced its size, finally removed the whole lamellar pearlite in the specimens.
In these results, it can be inferred that chromium has an effect on the carbon diffusivity. During steel manufacturing process, chromium has a tendency to decrease the diffusivity of carbon, so the coarsening of cementite in the asreceived 0.005P-0.35Cr specimens is limited as shown in Fig. 13(a) compared to that of as-received 0.005P-0.02Cr specimens in Fig. 12(a) . During decarburization heat treatment, the cementite decomposes and the carbon combines with chromium resulting in chromium-rich carbide in the grain boundary as shown in Fig. 11 . The tendency to form chromium-rich carbide in the grain boundary can be a driving force of carbon diffusion from the cementites to the grain boundary and results in the reduction of cementite size of decarburized 0.005P-0.35Cr specimens as shown in Fig. 13 (b) compared to that of decarburized 0.005P-0.02Cr specimens in Fig. 12(b) .
Until now there have been many researches on temper embrittlement due to the impurities segregation in low and high alloy steel. However, temper embrittlment in plain carbon steels containing impurities has not been reported, even though the carbon steels experience the similar thermal environment. Since 1996, intergranular cracks of feeder pipes made of SA-106 carbon steels in the operating heavy water reactor have been reported. In our study, we focus on the possibility of impurity segregation in the grain boundaries of SA-106 carbon steel containing limited chromium contents (up to 0.4 wt%) to identify the causes of grain boundary embrittlement of feeder pipes.
The low temperature fracture mode changes from transgranular to intergranular after decarburization treatment. The occurrence of intergranular fracture may depend mainly on properties of the phase or solutes segregated in the grain boundaries. That is, intergranular fracture occurs when the phase in the grain boundary is weak and brittle and when the solutes segregated or depleted in the grain boundary during decarburization reduce its cohesion. Carbon had two effects on this study. First, the removal of carbon itself from the steels by decarburization can increase the intergranular embrittlement. Second, the removal of carbon from the steels permitted greater phosphorus segregation, presumably because carbon and phosphorus elements segregate competitively, in agreement with Erhart and Grabke.
It is well known that the phosphorus is a potent embrittling element in steels. However, the significance of the carbon-phosphorus interaction and chromium-carbon-phosphorus interaction has not generally appreciated. For example, it was found that the as-received 0.005P-0.02Cr and 0.02P-0.02Cr specimens exhibited transgranular cleavage at 77 K. It cannot be ignored that the phosphorus can raise the flow stress of iron and thereby enhance cleavage fracture. However, in order for this amount of phosphorus to cause intergranular embrittlement, it is necessary to reduce substantially the carbon activity by decarburization.
The actual bulk carbon concentrations in the present decarburized specimens were measured by spark discharge atomic emission spectrometric analysis to be between 15 mass ppm and 41 mass ppm, and it is assumed to be above the carbon solubility limit of 0.005P-0.35Cr specimens by judging from the existence of Cr-rich carbide in the grain boundary.
The important point about decarburization heat treatment to be drawn from the present work is that, although it is difficult to quantify the carbon and phosphorus effect on the intergranular embrittlement relatively, the increase of phosphorus segregation and decrease of carbon in the grain boundary have synergistic effect on the intergranular embrittlement and may result in intergranular fracture, considering the tensile residual stress of the SA-106 feeder piping in the heavy water reactor. Segregation heat treatment (SHT) might have an influence on the phosphorus segregation as shown in Fig. 10 , even though the fracture mode of segregation heat treated specimens were still transgranular as shown in Fig. 14 like that of as-received ones. In this context, it must be noted that the phosphorus segregation due to SHT could be identified only after the decarburization heat treatment (DHT). Through these experimental results, it can be concluded that the carbon depletion in grain boundaries is more deleterious to grain boundary cohesion than phosphorus segregation due to SHT or added Cr. Kameda et al. also identified the role of carbon in the grain boundary cohesion in their neutron-irradiated ferritic alloys.
10)
Effect of Small Amount of Chromium Addition on
Microstructure and Impurities Segregation In the SEM analysis, there are differences in the precipitates in the 0.005P-0.02Cr specimens and 0.005P-0.35Cr specimens. In the 0.005P-0.02Cr specimens, there are MnS precipitates in the grain boundary and inside grains. In the 0.005P-0.35Cr specimens, there are Cr-rich precipitates in the grain boundary in addition to the MnS. As a supplementary explanation to the AES analysis showing that there is no sulfur peak (at 153 eV) on the intergranular fracture surface of decarburized 0.005P-0.35Cr specimens in Fig. 7 , these SEM analysis results indicate that all the sulfur in the specimen is scavenged by manganese.
In the TEM analysis, the shape and size of cementite in pearlite in the as-received specimen were different depending on the chromium contents. Compared to that of asreceived 0.005P-0.02Cr specimens, the lamellar spacing between cementites of as-received 0.005P-0.35Cr specimens are larger which can be attributed to the role of chromium as an obstructor of carbon diffusion. This role of chromium in the carbon diffusion can be explained by the driving force to form stable Cr-rich carbides through C diffusion from cementite to the grain boundary during decarburization heat treatment. In the event, this driving force to form the carbides can retard the decarburization of the specimens.
The role of small amount of chromium addition in the phosphorus segregation has not yet been clear. Liu et al. showed that the addition of 2 wt% chromium to Fe-0.2P-C alloys enhanced their susceptibility to intergranular fracture only when the alloys contain more than about solubility limit (30 mass ppm C) and are aged at 823 K; chromium reduces intergranular fracture in the alloys that contain less than 30 mass ppm C. There was no definite effect of the addition of chromium on the segregation of phosphorus in their study.
On increasing the bulk concentration of chromium, the degree of segregation of phosphorus increases in decarburized specimens of 0.005 wt% and 0.02 wt% phosphorus bulk concentration, as shown in Figs. 8 and 9 , respectively.
It is not yet clear what the major effect of chromium on the impurity segregation in the grain boundary is, even though many researches have been conducted. [11] [12] [13] According to the cosegregation model proposed by Guttmann, both chromium and phosphorus have a tendency to segregate to grain boundaries, and an attractive energetic interaction occurs between them. In contrast, according to the experimental results conducted by Erhart and Grabke, it has been reported that chromium has no direct effect on the segregation of phosphorus in iron-based alloys. They proposed that the addition of chromium to Fe-C alloys containing phosphorus reduces the activity of carbon or the concentration of carbon in solution by forming chromium-rich carbides, which in turn causes enhanced grain boundary segregation of phosphorus.
A noticeable point in our study is that even small amount of chromium (up to 0.4 wt%) added in the present fully decarburized specimens (bulk carbon content between 15 mass ppm and 41 mass ppm) increases the segregation of phosphorus in the grain boundary, which is not consistent with Erhart and C. Liu et al., exactly.
14) Furthermore, it is also found that chromium promotes the C diffusion from cementites in pearlite to the grain boundary and forms stable Cr-rich carbides unlike the role of chromium as an obstructor of C diffusion in pearlitic steels. 15) In the event, these stable Cr-rich carbides prevent decarburization as it has been found through OM, SEM and TEM analysis.
Effect of Microstructural Change and Impurities
Segregation on the Mechanical Properties The change in microstructure due to decarburization heat treatment and chromium addition has an influence on the mechanical properties at room temperature. The yield stress of 0.005P-0.02Cr and 0.005P-0.35Cr specimens decreases down to 191 MPa and 230 MPa, respectively after decarburization heat treatment. The elongation of 0.005P-0.02Cr specimens increases after decarburization heat treatment for 24 h, whereas that of 0.005P-0.35Cr specimens decreases after decarburization heat treatment. The effects of increasing the bulk chromium content on yield stress and elongation in the decarburized specimens are shown in Figs. 4 and 5, respectively, where it can be seen that chromium has a role in retarding the decrease of yield stress during decarburization heat treatment. Chromium has also a role to decrease the elongation during the decarburization heat treatment.
We can infer that the deleterious effect on tensile properties comes from the grain growth due to decarburization heat treatment where chromium has a beneficial effect on yield strength by retarding the grain growth and preventing decarburization and at the same time it has also detrimental effect on the elongation by promoting the chromium-rich precipitates and phosphorus segregation in the fully decarburized grain boundaries.
The residual stresses of cracked SA-106 feeder pipes in Canada are measured as shown in Fig. 15 . There are about 200 MPa residual tensile stresses in outer surface and above 400 MPa residual tensile stresses in inner surface. The residual tensile stress in outer surface exceeds the yield strength of decarburized 0.005P-0.35Cr specimens. This residual tensile stress can be considered as one of causes of intergranular cracking in SA-106 feeder pipes which has decarburized layer with enhanced phosphorus segregation in the grain boundary.
Ilyin et al. observed that the depth profile of phosphorus grain boundary segregation in a Cr-Mo-V steel subjected to the stressed state widened. 16) In their study, grain boundary segregation levels of sulfur during the slow cooling of the steel from high temperature were not change by treatments which followed at 613 K including the application of stress, whereas the impurities affected by the stressed state at 613 K were phosphorus, nitrogen and carbon. Stressenhanced phosphorus segregation was observed in the grain © 2011 ISIJ Fig. 15 . Residual stress in cracked feeder pipes in Canada. 17) boundary.
In our study, there was no evidence of sulfur segregation in the grain boundary as shown in Fig. 7 .
The residual tensile stress imposed on the inner and outer surface of feeder pipes has not only a direct impact on the feeder cracking but also indirect impact on the intergranular cracking through stress-enhanced phosphorus segregation.
Summary
The effects of decarburization and chromium addition on the intergranular embrittlement of SA-106 carbon steel can be summarized as follows.
(a) The removal of carbon from the present specimens by decarburization heat treatment permitted greater phosphorus segregation.
(b) Even small amount (up to 0.4 wt%) of chromium added in the present decarburized specimens containing below 40 mass ppm bulk carbon increases the segregation of phosphorus in the grain boundary.
(c) The increase of phosphorus segregation and decrease of carbon in the grain boundary by decarburization heat treatment have synergistic deleterious effect on the grain boundary cohesion and result in intergranular fracture at 77 K.
(d) Considering the residual tensile stress above 200 MPa on the outer surface of feeder pipes in the heavy water reactor, the stress-enhanced phosphorus segregation in the grain boundary in addition to the phosphorus segregation due to the decarburization heat treatment and chromium addition can increase the possibility of intergranular cracking of SA-106 feeder pipes.
(e) Cautions should be taken in heat treatment process and control of the impurity and alloying elements such as phosphorus and chromium to avoid the intergranular cracking of feeder pipes.
